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Lipid bilayer membraneEpsilon-toxin (ETX) is a potent toxin produced by Clostridium perfringens strains B and D. The bacteria are
important pathogens in domestic animals and cause edema mediated by ETX. This toxin acts most likely by
heptamer formation and rapid permeabilization of target cell membranes for monovalent anions and cations
followed by a later entry of calcium. In this study, we compared the primary structure of ETX with that of the
channel-forming stretches of a variety of binding components of A-B-types of toxins such as Anthrax
protective antigen (PA), C2II of C2-toxin and Ib of Iota-toxin and found a remarkable homology to amino
acids 151–180 of ETX. Site-directed mutagenesis of amino acids within the putative channel-forming domain
resulted in changes of cytotoxicity and effects on channel characteristics in lipid bilayer experiments
including changes of selectivity and partial channel block by methanethiosulfonate (MTS) reagents and
antibodies against His6-tags from the trans-side of the lipid bilayer membranes.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Epsilon-toxin (ETX) is produced by Clostridium perfringens types B
and D and represents the major pathogenicity factor of these bacteria.
ETX is one of the most potent clostridial toxins after botulinum and
tetanus neurotoxins [1]. It is responsible for the pathogenesis of fatal
enterotoxaemia in sheep, goats, calves and other domestic animals
[2,3]. Absorption of the toxin through the intestinal mucosa and its
spread in all organs by the blood stream induces blood pressure
elevation and edema in various organs [4-6]. ETX can also cross the
blood–brain barrier causing perivascular edemas, neuronal damage,
and excessive release of glutamate from hippo-campus neurons [7].
Because this toxin is also potentially active in humans, the National
Institutes of Health and the Centers of Disease Control classiﬁed ETX
as biological agent of the category B [8].
The inactive protoxin is encoded by the etx gene [9] and has to be
activated after secretion by protease cleavage of 13 and 29 residues at
the N- and C-termini, respectively [10]. Activation normally occurs in
the gut of infected animals by the action of trypsin,α-chymotrypsin or
C. perfringens lambda protease, but activation can also occur in vitro.
Cleavage of the C-terminal residues is essential for the biological
activity and the ability to form large SDS-resistant heptameric com-d Science, Jacobs University
ny. Tel.: +49 421 200 3151;
z).
ll rights reserved.plexes in rat synaptosomal membranes [11,12]. In contrast, the
removal of the N-terminal amino acids seems to be of secondary
interest and induces minor toxin activation [10].
ETX acts on Madin–Darby canine kidney (MDCK) cells [11,13],
where it causes decrease in intracellular K+, and increase in Cl and
Na+[13]. The toxin preferentially binds to isolated detergent
resistant microdomains (DRMs), suggesting that a putative receptor
located in DRMs is responsible for toxin binding and subsequent
heptamerization. Furthermore, the content of sphingolipids inﬂuen-
ces the susceptibility of ETX to host cells [12,14,15]. Cholesterol
depletion decreased cytotoxicity and ETX oligomerization [12]. Toxin
binding induces heptamerization followed by pore formation [12].
Addition of extracellular ganglioside GM1 caused a dramatic decrease
in binding, heptamerization and cytotoxicity [15]. In addition, the
toxin seems to inﬂuence the cell cycle [16]. Oligomerization and
channel formation occur also in vitro using the black lipid bilayer
technique [17]. ETX forms in artiﬁcial membranes slightly anion
selective channels with a single-channel conductance of 60 pS in
100 mM KCl. The channels are permeable to hydrophilic solutes up
to a molecular mass of at least 1 kDa, which probably represents the
basic mechanism of toxin action on target cells [17].
Circular dichroism (CD) spectroscopy revealed that ETX is rich in
β-strands [18]. This assumption was conﬁrmed by the resolution of
the crystal structure of water-soluble ETX [18], which in addition
showed structural similarities to the water-soluble form of aerolysin
from Aeromonas hydrophila [19], as well as with the molecular
model of alpha-toxin from Clostridium septicum [20]. Thereby, ETX
2585O. Knapp et al. / Biochimica et Biophysica Acta 1788 (2009) 2584–2593like aerolysin and alpha-septicum-toxin belongs to the β-barrel pore-
forming toxins (β-PFT), which are characterized by overall hydro-
philic molecules. Toxin monomers bind to cell surface receptor
and assemble in heptamers leading to unfolding of an antiparallel
amphipathic loop from each monomer and formation of a
14-stranded β-barrel. In contrast to aerolysin, which recognizes
GPI-anchored proteins as receptor, ETX receptor is a membrane
protein distinct from GPI-anchored proteins [14]. Interestingly,
binding components of binary toxins such as the protective antigen
(PA) from anthrax toxin, or Ib and C2-II from the clostridial binary
toxins, iota-toxin and C2-toxin, respectively, show structural and
functional analogies to β-PFTs [21]. In contrast to β-PFTs, binary
toxins act intracellular. Their binding components act as vehicles for
the delivery of enzymatic components into the cytosol through the
endosomal pathway. Binding components form heptameric pores
through the endosomal membrane, which mediates the transloca-
tion of the enzymatic component into the cytosol [22,23]. Because of
the structural similarity of ETX to aerolysin and other β-PFTs, it
seems likely that ETX shares a related mechanism of pore formation
including conformational changes from its secreted water-soluble
form.
The channel-forming domain of ETX could not be identiﬁed
within the 3D-structure of the water-soluble form with sufﬁcient
accuracy although certain residues within domain II have a similarity
to the channel-forming domains of toxins forming heptamers with
14 strands in β-barrels [19]. We performed an alignment (http://
pbil.ibcp.fr/htm/index.php) of the channel-forming domains of a
variety of channel-forming binding components with the primary
sequence of ETX. The results suggested that the stretch between
amino acids 151 and 180 of the mature form of ETX could represent
the channel-forming β-strands. Site-directed mutagenesis of amino
acids within the putative channel-forming domain conﬁrmed its role
in toxicity. The results provided strong evidence for the presence of
two amphipathic β-strands within the domain II (amino acids 151–
180) of ETX that could form the transmembrane channel in the ETX
heptamers.
2. Materials and methods
2.1. Generation of mutants and isolation of ETX proteins
Chromosomal DNA from strain NCTC2062 of C. perfringens type D
was used as a template for in vitro site-directed mutagenesis. The
substitutions were introduced into the etx gene by site-directed PCR
mutagenesis using the proof-reading Vent DNA polymerase (New
England Biolabs) according to themanufacturer's instructions and two
designed synthetic oligonucleotide primers (coding sequence deli-
mited from K46 to Y299) (purchased from Sigma-Proligo). EachTable 1
Primers for the generation of GST–ETX point mutants.
Mutation Primer
S156E 5′-CTGTGGGAACTGAGATACAAGCAACTGCT
5′-AGCAGTTGCTTGTATCTCAGTTCCCACAG
S156C 5′-CTGTGGGAACTTGCATACAAGCAACTGCT
5′-AGCAGTTGCTTGTATGCAAGTTCCCACAG
K162E 5′-CAAGCAACTGCTGAGTTTACTGTTCCT
5′-AGGAACAGTAAACTCAGCAGTTGCTTG
T175C 5′-ACAGGAGTATCATTATGTACTAGTTATAG
5′-CTATAACTAGTACATAATGATACTCCTGT
K162H 5′-CAAGCAACTGCTCACTTTACTGTTCCT
5′-AGGAACAGTAAAGTGAGCAGTTGCTTG
P166H 5′-GCTAAGTTTACTGTTCACTTTAATGAAACAGG
5′-CCTGTTTCATTAAAGTGAACAGTAAACTTAGC
Primer for ﬂanking
region
5′-CCGGATCCGCTTCTTATGATAATGTAGATAC
5′-GGAATTCATATTCTTGTACATTATTTGTATTTAAATTTCprimer was complementary to the opposite strands of the ETX gene
and containing the desired mutation (Table 1). The so-called
“Megaprime Mutagenesis” method was used to create mutations in
the ETX gene. Two rounds of PCR were applied to derive a point-
mutated product. In a ﬁrst step, ﬂanking forward and reverse primers
were used together with two complementary mutagenic primers to
introduce the mutation into two partially overlapping PCR products,
which were then puriﬁed on agarose gel and used as template in a
second PCR ampliﬁcation with ﬂanking forward and reverse pair of
primers to assemble the complete mutagenized fragment. Ampliﬁed
DNAs were cloned into the expression plasmid pGEX-T2 (Amersham
Pharmacia). Thus, fusion proteins were obtained between glutathi-
one-S-transferase (GST) and ampliﬁed products. The recombinant
plasmidswere transformed into Escherichia coli strain BL21. All in vitro
ampliﬁed (mutagenized) fragments were subcloned in pCR 2.1
(Invitrogen) and were controlled by DNA sequencing. The recombi-
nant strains were grown in LB medium supplemented with ampicillin
(100 μg/ml) at 37 °C until OD 0.8was reached. The production of GST–
ETX and its mutants was induced with isopropyl-1-thio-β-D-galacto-
pyranoside (0.5 mM IPTG) and the cells were grown at 32.5 °C for an
additional 18–20 h. Bacteria were collected by centrifugation,
suspended in 50 mM Tris–HCl, pH 7.5, 50 mM NaCl, 1 mM DTT,
5mMMgCl2, and lysed by sonication. The lysateswere centrifuged and
the GST-fusion proteins were puriﬁed on a glutathione sepharose
column (Amersham Bioscience) according to the recommendations of
the manufacturer. Elution of the proteins occurred with 50 mM Tris–
HCl, pH 7.5, 50mMNaCl, 1mMDTT, 5mMMgCl2, and 0.5mM reduced
gluthatione.
Puriﬁed proteins were dialyzed against phosphate-buffered
saline/glycerol (1:1) and analyzed by 12% sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis (SDS-PAGE). Total protein
content was assayed with Bradford reagent. The purity of the proteins
was analyzed by SDS-PAGE and Western immunoblotting. Equal
amounts of protein from each sample were loaded on a polyacryl-
amide gel and analyzed by SDS-PAGE. Samples separated by SDS-
PAGE were transferred to nitrocellulose membrane (Hybond™ C-
extra, Amersham). Unspeciﬁc binding sites on the membrane were
blocked using 5% non-fat dry milk in phosphate-buffered saline
containing 1% Tween 20 (Sigma-Aldrich). The membranes were
incubated with 1:1000 concentration of anti-ETX rabbit polyclonal
antibody, prepared as previously described [24] for 1 h at room tem-
perature. In other Western blots the membranes were incubated with
1:5,000 concentration of anti-GST rabbit polyclonal antibodies (GE-
Healthcare). After three washes in the same buffer, the membrane
was incubated with protein A conjugated to horseradish peroxidase
(Bio-Rad) and the speciﬁc signal was detected by the enhanced
chemiluminescence method (SuperSignal® West Pico Chemilumine-
scent Substrate; Pierce).
2.2. Cell cultures
Madin–Darby canine kidney (MDCK) cells were grown in
Dulbecco's modiﬁed Eagle + GlutaMax™-I (+4.5 g/l glucose,-
pyruvate) (GIBCO®)-Medium (DMEM) containing 100 units/ml
penicillin G sodium and 100 μg streptomycin sulfate (Penicillin-
Streptomycin, GIBCO®). Cell culture medium was supplemented
with 10% fetal bovine serum (GIBCO®) and cultures were maintained
at 37 °C in a humidiﬁed atmosphere containing 5% CO2.
2.3. Measurements of trans epithelial resistance
Trans-epithelial electrical resistance (TER) was monitored on
conﬂuent MDCK cells as previously described [25]. The cells were
grown in the speciﬁed cell culture medium on polycarbonate
membrane ﬁlters with a diameter of 12 mm and pore size of 0.4 μm.
The toxin sample (3 μg/ml) was added to the upper compartment of
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meter from Millipore and expressed as Ωcm2.
2.4. Cell viability
Cells reduce yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-
2)-2, 5-diphenyltetra-zolium bromide) (Sigma-Aldrich) and generate
reducing equivalents such as NADH and NADPH. The resulting
intracellular purple dye formazan can be solubilized and quantiﬁed
by spectrophotometry and is proportional to the number of viable
cells [17,26]. As is was already described by Petit et al. [25], MDCK cells
were grown until conﬂuence and then treated for 5 h with wild-type
ETX, GST–ETX and GST–ETX mutants at starting concentration of
25 μg/ml DMEM. Control cells were incubated only with DMEM.
Thereafter, 50 μl of 0.5 mg/ml MTT solution was added and the cells
were incubated for 1 h at 37C. Cells were lysed and the transformation
of MTT was stopped by adding 100 μl of lysis buffer consisting of 10 g
SDS (Sigma), 25 ml dimethylformamide (Sigma) and 25 ml H20, pH
4.6. Formazan concentration was measured after 18 h at 540 nm in a
96-microtiter plate. The experiments were performed three times for
each protein, and means and standard failures were calculated from
the results.
2.5. Bilayer experiments
Methods used for black lipid bilayer experiments have been
described previously [27]. The experimental set up consisted of a
Teﬂon cell with two water-ﬁlled compartments that were connected
by a small circular hole. The hole had an area of about 0.4 mm2.
Membranes were formed across the hole from a 1% solution of
diphytanoylphosphatidylcholine (Avanti Polar Lipids, Alabaster, AL)
in n-decane. The temperature was maintained at 20 °C during all
experiments. Ag/AgCl electrodes (with salt bridges) were used for the
electrical measurements connected in series with a voltage source and
a homemade current-to-voltage converter. The ampliﬁed signal was
recorded on a strip chart or tape recorder.
For the selectivity measurements, the membranes were formed in
a 100 mM KCl solution. ETX mutants were added to one side of the
membrane, and the increase of the membrane conductance due to
insertion of pores was observed with the electrometer (Keithley 617).
After incorporation of 10–100 channels into a membrane, the instru-
mentation was switched to the measurement of the zero-current
potential, and a KCl gradient was established across the membrane by
addition of small amounts of concentrated KCl solution to one side of
themembrane. The zero-current membrane potential reached its ﬁnal
value within 2–5 min. Analysis of the zero-current membrane poten-
tial was performed using the Goldman–Hodgkin–Katz equation [28].
Bilayer experiments with methanethiosulfonate (MTS) reagents
(Biotium) were performed as follows: the ETX mutants were preincu-
bated with dithiothreitol (DTT) for 30 min on ice to reduce the
cysteine residues. The ﬁnal concentration of DTT was between 0.5 and
1 μM in 100 mM KCl buffered with 10 mMMES to a pH of 6.6 for each
compartment. Each compartment was stirred continuously through-
out the experiments by small magnetic stir bars. MTS reagents were
dissolved in dimethyl sulfoxide (DMSO) and immediately used. ETX
was added to the cis side, where channel formation occurred at posi-
tive potential. After the ETX mutant induced current had stabilized,
MTS reagents were added to both compartments.
Measurements with anti-His6-tag antibodies were performed as
multi-channel experiments. After incorporation of 10–100 channels
into a membrane the antibody was applied to the trans-side of the
membrane (ETX was given to the cis side) and the ampliﬁed signal of
the decreasing membrane current was recorded with a strip chart
recorder.
All used salts were analytical grade (Merck, Darmstadt, Germany).
Ultrapure water was obtained by passing deionized water throughMilli-Q equipment (Millipore, Bedford, MA). Anti-His6-tag antibodies
from mouse were obtained from Amersham Bioscience® (product
code: 27-4710-01). MTS reagents (MTS-ES, MTS-EH and MTS-ET)
were purchased from Biotium.
3. Results
3.1. Identiﬁcation of a putative channel-forming domain in ETX
by sequence analysis
ETX belongs to the aerolysin-like family of cytolytic and β-PFTs
[19,29]. Aerolysin, the prototype of this toxin family, spans the cell
membrane via an amphipathic β-hairpin with alternating hydropho-
bic and hydrophilic residues [30]. Petit et al. [17] could show that ETX
is able to form anion selective channels in black lipid bilayers. In
addition it forms heptamers in MDCK cell membrane and in DRMs of
rat synaptosomes [11]. This feature suggested that monomeric ETX
must also posses an amphipathic β-hairpin. This hairpin forms, in the
heptameric membrane bound form of ETX, a transmembrane 14
stranded β-barrel with a hydrophobic exterior and a hydrophilic
interior. The performance of a hydrophobicity plot (http://psfs.cbrc.
jp/tmbeta-net/) demonstrated a putative transmembrane region
with alternating hydrophilic and hydrophobic amino acids between
residues 151 and 180 in ETX. This domain shows about 19% similarity
at the amino acid level with the channel-forming domain of aerolysin
and an even more signiﬁcant homology with the amphipathic β-
hairpins of the binding components of the binary Iota-and C2-toxin
(Ib: 38%, C2II: 22% identity) (see Fig. 1). It is noteworthy that the
length and amino acids of the loop between the two amphipatic β-
strands of each monomer are unrelated in ETX and other β-PFTs
including binding components of clostridal binary toxins (Fig. 1). The
signiﬁcant homology between the predicted ETX channel-forming
domain and those from binding components of binary toxins sug-
gested that these compounds share a common mechanism of pore
formation. It is interesting to note that the predicted channel-forming
domain of ETX is more related to those of binding components of
binary toxins than to aerolysin despite a high overall homology in
structure between ETX and aerolysin. In addition, among binding
components of binary toxins and β-PFTs, the predicted channel-
forming domain of ETX shows the highest sequence homology with
that of Ib.
3.2. ETX mutants in the putative channel-forming domain
For a further characterization of ETX pore-forming hairpin, we
decided to generate point mutations within this region. Models exist
already for the 3D-structures of the channels formed by C. septicum
alpha-toxin [20], aerolysin [30,31], PA [32], and C2II [33]. Therefore,
we decided not to mutate every single residue as it has been
performed for aerolysin or PA [30,34], but to modify residues that
should have a critical impact on channel properties. Indeed, channel
characteristics should be altered through the introduction of single
point mutations on exclusive sites inside the ETX channel, as it was
shown for C2II [35] and porins of the outer membrane of Gram-
negative bacteria [36,37].
To change ion selectivity serine at position 156 of the ETX sequence
was exchanged by glutamic acid (S156E), because ETX is anion
selective [17] and charges within the channel interior should play a
crucial role for its selectivity [36-38]. Similarly, single cysteines were
introduced in the interior of the putative channel in exchange of
Ser156 (S156C) and Thr175 (T175C). Partial or full blockage of the
channel should be achieved when the MTS reagents react with the
cysteines. Sequence KFTVPFNE is supposed to represent the loop
connecting the two transmembrane-spanning β-strands of each toxin
monomer. Within this strands, two oppositely charged residues
(Lys162, Glu169) formpresumably an ion pair that could be important
Fig. 1. Sequence comparison of putative transmembrane domain of ETXwith those of the binding components C2II, PA, Ib, and aerolysin and expression of recombinant GST–ETX and
its mutants. Residues that were mutated are indicated above the arrows. The amino acids are given in the one letter code and residues facing the channel lumen are underlined. The
putative amphipathic β-strands of C2II, PA, and Ib are similar to those proposed by Leppla [48].
Fig. 2. (A) 12% SDS-PAGE of recombinant GST–ETX and different recombinnt GST–
ETX mutants. Lane 1: molecular mass markers: 20, 24, 29, 36, 45 and 66 kDa; lane 2:
GST–ETX; lane 3: S156E; lane 4: K162E; lane 5: T175C; lane 6: S156C; lane 7:
K162H; lane 8: P166H. The pure proteins (1 μg) were solubilized at 40 °C for 30 min
in 5 μl sample buffer. The gel was stained with Coomassie. (B) Western blotting of
recombinant GST–ETX and its mutants. Separation of puriﬁed GST–ETX and mutants
was performed on a 12% SDS-PAGE. The pure proteins (1 μg) were solubilized at
40 °C for 30 min in 5 μl sample buffer. After blotting to a nitrocellulose membrane,
GST-tagged proteins were detected by anti-GST antibodies in a dilution of 1:5000. A
chemiluminescent reaction was used for visualization. Lane 1: GST–ETX; lane 2:
S156E; lane 3: K162E; lane 4: T175C; lane 5: S156C; lane 6: K162H; lane 7: P166H.
The molecular mass of the markers is indicated at the left side of the blot. It is
noteworthy that the lower bands on the blot refer to GST that was released from the
proteins by protease action.
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by glutamic acid (K162E) resulted in two negatively charged residues
in the loop domain and should impair channel formation.
We introduced histidine residues instead of lysine and proline at
position 162 (K162H) and 166 (P166H), respectively. Heptameriza-
tion and channel formation should bring the seven histidines in close
contact thus generating a structure reminding on a 7-residue His-tag,
which could allow the binding of anti-His6-tag antibodies. As the
antibodies are presumably too big to penetrate the channel they
should only be able to bind to the loops between the β-strands from
the trans-side consequently blocking the channels at least partially.
Fig. 1 shows the comparison of the sequences of transmembrane
domains form ETX, C2II, PA, Ib, and aerolysin. The above-described
mutations in the putative transmembrane region of ETX are indicated
above its sequence by arrows. Residues facing the channel lumen are
underlined (Fig. 1).
3.3. Cytotoxicity of ETX point mutants
ETX-wild-type and mutated proteins were cloned and successfully
expressed as GST–ETX fusion proteins. After puriﬁcation the recombi-
nant proteinswere checked by SDS-PAGE andWestern blotting (Fig. 2).
To demonstrate that the puriﬁed proteins still posses their biological
activity, we performed the dose dependent MTT death assays onMDCK
cells (Fig. 3). Conﬂuent growing cells were exposed to decreasing
amounts of recombinant ETX starting at 2150 nM and ending at 2 nM.
The recombinant ETX contained an N-terminal GST for easy
puriﬁcation.We checked if the N-terminal GST inﬂuenced ETX activity
compared to the native trypsin-activated ETX. As indicated in Fig. 3A,
GST–ETX showed a slightly reduced activity as compared to native
ETX. But overall the concentration of native toxin able to kill 50% of
the cells in the assay compared to GST–ETX was more or less in the
same range. However, activity and properties of channels formed in
planar bilayers by wt GST–ETX-fusion proteins were not affected by
the N-terminal GST. Therefore, we decided to use recombinant ETX
without cleaving the GST protein in most of the experiments.
Next, we investigated the interaction of different ETX mutants
with MDCK cells. Fig. 3B shows a summary of the results with K162E,
K162H and P166H. Wild-type GST–ETX displayed a 50% cytotoxic
activity at 17 nM. The results with the point mutations at position 162
(K162H and K162E) and 166 (P166H) shown in Fig. 3B had the same
cytotoxicity as wt GST–ETX. The same behavior was expected for the
cysteine mutations at positions 156 (S156C) or 175 (T175C), sincethese residues are structurally closely related to cysteine and should
therefore not interfere with the natural occurring channel topology.
This assumption was conﬁrmed for the mutant T175C (see Fig. 3C).
Similar as for the histidine mutants, no difference in cytotoxicity was
observed as compared to wt GST–ETX. Interestingly, the replacement
of Ser156 by cysteine (S156C) caused a slight decrease in toxin
activity. The decrease was almost four times higher when replacing
Ser156 by glutamic acid (S156E; see Fig. 3C). These results suggested
that we hit with Ser156 a critical point of channel structure. We
expected that replacement of Lys162 by a glutamic acid, thus adding
an additional negatively charged residue to the channel-forming
domain, should also result in a reduced cytotoxicity because the
Fig. 3. MTT tests with different wt and GST–ETX mutants. (A) Conﬂuent MDCK cells
were treated for 5 h with a decreasing amount of wild-type ETX and GST–ETX (1:1
dilutions). Starting concentration was 4.3 μM. Control cells were incubated only with
DMEM. Thereafter MTT solution was added and incubated for 1 h at 37C. MTT
transformation was stopped by adding 100 μl of lysis puffer and measured after 18 h at
540 nm. Data were collected from three experiments and means and standard failure
were calculated. (B) Similar experiments as in (A) with the difference that GST–ETX is
compared to GST–ETX mutants K162E, K162H and P166H. Starting concentration was
again 4.3 μM. (C) Similar experiments as in (A) with the difference that GST–ETX is
compared to GST–ETX mutants S156E, T175C and S156C. Starting concentration was
again 4.3 μM.
Fig. 4. TER measurements with different wt and GST–ETX mutants. (A) Recombinant
wild-type GST–ETX and its mutants S156E, T175C and S156C lead to a drop in
transepithelial electrical resistance (TER). TER was measured over time on conﬂuent
MDCK cell monolayers grown on transwell ﬁlters and incubated at 37 °C with 60 nM
ETX mutants from the apical side. The error bars indicate standard failure. (B) Similar
experiments as in (A) were performed with GST–ETX mutants K162E, K162H and
P166H. The data for GST–ETX are shown for comparison.
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channel formation is known [30]. However, this was not the case for
ETX; the mutant (K162E) with the negatively charged transmem-
brane hairpin (two glutamic acid residues) showed the same activity
as the wild-type GST–ETX (see Fig. 3B). Among all ETX mutants, only
Ser156Glu and Ser156Cys exhibited some decrease in cytotoxicity
(see Fig. 3C).
3.4. Effects of ETX point mutants on MDCK cell monolayer
permeability (TER)
GST–ETX mutants were than tested for their ability to disrupt the
barrier integrity of polarized MDCK cells grown on ﬁlters, by moni-
toring TER (Fig. 4). Addition of ETX proteins to the apical side of MDCK
cell monolayers caused a rapid decrease in TER in a time and toxin
concentration dependent manner. Wild-type and mutated proteins
(60 nM) achieved a 50% decrease in TER in less than 10min, except for
the exchange of Ser156 against glutamic acid or cysteine, which
induced a 50% decrease in TER in at least 10 min. After 40 min, TER
was for all mutants below 10% of the control TER. Again, we observed
a delay of about 15 min for the mutant S156E as compared to wild-type GST–ETX. A nearly completely loss of TER was achieved after
1.5 h. The TER decrease was most likely an indirect consequence of
pore formation of GST–ETX and its mutants since ETX does not modify
intracellular junctions [25]. Similarly as for the structurally related
aerolysin [39], death or damage of certain cells by channel formation
by ETX leads to permeability changes in the cell monolayers and
decrease their resistance, thereby causing decrease in TER. The results
of the experiments performed in this study clearly indicated that the
recombinant GST-fusion protein and the mutants were functional on
living cells.
3.5. Channel formation of ETX mutants in artiﬁcial lipid bilayer
membranes
A receptor is not required for interaction between native ETX and
black lipid bilayer membranes [17]. In a ﬁrst set of bilayer
experiments, we checked if recombinant GST–ETX fusion protein
had also membrane activity and formed channels with the same
properties as the native toxin. A deﬁned amount of recombinant GST–
ETX was added at concentration of about 5 nM to one side of black
lipid bilayer membranes made of diphytanoylphosphatidylcholine/n-
decane. The conductance started to increase in a stepwise fashion.
Each step represented a single incorporated channel. Subsequently,
membrane conductance increased by several orders of magnitude
during approximately 30 min. After that time, the conductance was
approximately stationary. The number of channels formed within the
ﬁrst 30 min after the initial addition (in a concentration of 0.5–5 nM)
of recombinant GST–ETX fusion protein or its mutants was taken as a
measure of toxin membrane activity and not the velocity of initial
channel formation after addition of the proteins as it is shown in Fig. 5.
Time course and stepwise conductance increase of the recombinant
wild-type were similar to that described previously for native ETX
[17]. A mock puriﬁcation from E. coli BL21 harboring the empty vector
induced no channel formation in lipid bilayers, indicating that the
observed channels are speciﬁc of recombinant GST–ETX and its
mutants (data not shown). Most of the mutants had more or less the
Fig. 5. Current recordings of diphytanoylphosphatidylcholine/n-decane membranes after addition of recombinant wild-type GST–ETX and its mutants to the cis side of different
membranes. The aqueous phase contained 1 M KCl (pH 6) and about 0.5–5 nM wild-type GST–ETX and GST–ETX mutants were added to the cis side of the membrane. The applied
membrane potential was 50 mV; T=20 °C.
Table 2
Average single-channel conductance, G, of the channel formed by ETX and its mutants
in different salt solutions.
Salt 1c [M] Single-channel conductance G [pS]
WT S156E K162E T175C S156C L162H P166H
LiCl 1.0 340 160 360 300 400 360 360
KCl 0.1 60 40 40 40 60 60 50
0.3 160 80 140 160 140 180 160
1.0 550 320 400 440 480 560 480
3.0 1700 1400 1600 1800 1700 1800 1600
K+-Ac
(pH 7.0)
1.0 240 160 320 220 260 240 240
The membranes were formed of diphytanoylphosphatidylcholine dissolved in n-
decane. The aqueous solutions were unbuffered and had a pH of 6 unless otherwise
indicated. The applied voltage was 50 mV, and the temperature was 20 °C. The most
frequent single-channel conductance is given and obtained from at least 100 single
events: c indicates the concentration of the aqueous salt solution. Amino acids are given
in the single letter code. The results for wt ETX were taken from ref. [17].
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and P166H showed a reduced activity by a factor of about 5. Proteins
with the mutations S156E, S156C, K162H and T175C had the same
high membrane activity as recombinant wild-type ETX and GST–ETX.
This result suggested that pore formationwas not affected by fusion of
GST to ETX. Similarly, all mutants with single amino acid substitutions
in the putative transmembrane domain formed deﬁned channels in
planar bilayers (see below), although some of the mutants had a
lower membrane activity (K162E and P166H).
3.6. Analysis of the single-channel conductance of ETX point mutants
To study the effect of the mutation on the ETX channel in more
detail, the biophysical properties of the pores were investigated in
single-channel experiments. Fig. 5 shows single-channel recordings of
recombinant GST–ETX and of the different mutants. Mutants K162H,
P166H, K162E, S156C, and T175C had approximately the same single-
channel conductance as wild-type and recombinant GST–ETX (see
Table 2). Only for S156E the conductance decreased on average to 320
pS (50 mV applied voltage). Fig. 6 shows histograms of conductance
distributions of mutant S156E and wild-type GST–ETX. Changes of the
channel conductance should appear when the amino acid composi-
tion of the membrane-spanning domain is changed. The dimension of
these modiﬁcations is dependent on size, property and position of theamino acid introduced in exchange of the genuine one [30,38,40,41].
The single-channel distributions of the mutants were homogeneous
suggesting formation of well-deﬁned channels. As described, the
conductance of mutant S156E decreased indicating that serine in
position 156 is critical for channel conductivity and size. Interestingly,
Fig. 6. Histograms of the probability of the occurrence of certain conductivity units
observed with membranes formed of diphytanoylphosphatidylcholine/n-decane in the
presence of recombinant wild-type GST–ETX (A) and mutant Ser156Glu (B). The
aqueous phase contained 1 M KCl, pH 6. The applied membrane potential was 50 mV;
T=20 °C. (A) 4 nM GST–ETX was added to the cis side of the membranes. The average
single-channel conductance was 520 and 200 pS for 302 single-channel events. (B)
1.5 nM mutant Ser156Glu was added to the cis side of the membrane. The average
single-channel conductance was 320 pS for 107 single-channel events. The data were
collected from several different membranes.
Table 3
Zero-current membrane potentials, Vm, of diphytanoylphosphatidylcholine/n-decane
membranes in the presence of recombinant wild-type GST–ETX and different mutants
measured for 5-fold gradients of KCl.
Mutant Vm (mV) Pcation/Panion
KCl
ETX wt −19.0 0.30
GST–ETX-ETX −17.9 0.33
S156E +6.9 1.5
S156C −6.0 0.7
P166H −14.5 0.41
K162H −17.8 0.33
K162E +3.1 1.2
T175C −3.8 0.8
T175C + 1 mM MTS-ES +10.9 1.9
Vm is deﬁned as the difference between the potential at the dilute side (100 mM) and
the potential at the concentrated side (500 mM). The pH of the aqueous phase was
around 6; T=20 °C. The permeability ratio Pcation/Panion was calculated with the
Goldman–Hodgkin–Katz equation [28] on the basis of at least three individual
experiments. The data for wt ETX were taken from Petit et al. [16].
2590 O. Knapp et al. / Biochimica et Biophysica Acta 1788 (2009) 2584–2593substitution of lysine at position 162 (K162E) did not change the ETX
channel properties.
Previous studies with ETX showed that the ETX channels were
not voltage gated and linear current–voltage relationships were
obtained [17]. These measurements were repeated here with GST–
ETX and the ETX mutants if GTX or the mutations inﬂuenced the
current–voltage relationships or if they induced voltage-gating.
Again linear current–voltage relationships were observed without
any indication for voltage-gating up to ±100 mV. These results
suggested that the channels formed by ETX and its mutants showed
a stable structure even at very high voltages.
3.7. Zero-current measurements and ion selectivity
To obtain information about the selectivity of ETX mutant
channels zero-current membrane potential measurements were
performed in the presence of salt gradients. After reconstitution of
100–1000 mutant channels into membranes, the salt concentration
of the aqueous phase on one side of the membranes was increased
5-fold from 100 to 500 mM. Thereafter the zero-current potential
was measured. In most cases, the more diluted side of the mem-
brane became negative indicating preferential movement of anions
through the ETX mutant channels (Table 3). This result indicatedthat most mutants with exception of S156E and K162E formed
anion selective channels similar to wt ETX.
Ion selectivity of T175C could also be changed from anion to cation
selectivity by treatment of this mutant with the negatively charged
MTS-ES. Interestingly, all mutants showed weaker anion selectivity
than wild-type. The magnitude of change with respect to wild-type
depended on the position and the nature of the introduced amino
acid. This result represented another proof that the mutated residues
are located inside the channel-forming domain. The zero-current
membrane potentials of GST–ETX and its mutants for KCl are given in
Table 3 together with the ratios of the permeability Pcation divided by
Panion, which were calculated from the Goldman–Hodgkin–Katz
equation [28]. These results indicated that ETX and its mutant
channels represented general diffusion pores, because both anions
and cations could pass through the channels. On the other hand, we
observed interesting selectivity changes caused by certain mutations,
which were consistent with our working hypothesis.
3.8. Residues facing the channel lumen interact with MTS reagents
According to our model, a β-barrel consisting of 14 β-sheets
forms the transmembrane channel of ETX (Fig. 1). Labeling of the
cysteines with thiol-reactive MTS probes should affect the channel
properties if they are exposed to channel lumen. We choose residues
Ser156 and Thr175, which are predicted to be inside the channel, to
generate cysteine mutants. Both mutants formed channels with a
single conductance similar to that of wild-type ETX (Table 2). For
multi-channel experiments, the toxin mutants S156C and T175C
were added in concentrations of about 5–10 nM to both sides of
black diphytanoylphosphatidylcholine membranes. Channel forma-
tion was investigated applying a potential of 50 mV. Once the
conductance had increased and reached after 20–30 min a nearly
constant level, the different MTS reagents were added to both
compartments. For both mutants, the conductance decreased by
about 20% after addition of 0.2 mM MTS-ES to both sides of the
membrane as is shown in Fig. 7A for the mutant T175C. A second
addition of MTS-ES had no further inﬂuence on the membrane
conductance. These results indicated indeed that the cysteines
reacted with MTS reagents leading to conductance decrease. This
means deﬁnitely that they are located in the channel interior. The
decrease in conductance occurred for the MTS-responsive mutants
within seconds following MTS reagent addition. Neither MTS-ET nor
DTT alone, at the concentrations used in these experiments, showed
any effect on wild-type ETX channels.
The addition of the neutral MTS-EH caused a different response
in membrane conductance. In contrast to the negatively charged
MTS-ET, the addition of 0.2 mM MTS-EH, to mutant S156C, led to a
Fig. 7. Labeling of mutant Thr175Cys with MTS-ES (A) and of mutant Ser156Cys with
MTS-EH (B). (A) After membrane conductance reached a constant level, MTS-ES was
added at concentration of 0.2 mM (indicated by arrows) to the 0.1 M KCl, 10 mM Mes
(pH 6.6) solution on both sides of a diphytanoylphosphatidylcholine/n-decane
membrane and the membrane current decreased. Further addition of 0.2 mM MTS-ES
(in total 0.4 mMMTS-ES) had no effect. The thick recording line originates from stirring
process. (B) The addition of two times 0.2 mM MTS-EH (in total of 0.4 mM MTS-EH,
indicated by arrows) to the trans-side of membrane saturated with Ser156Cys mutant
channels caused a steep increase of membrane conductance. The voltage was in both
experiments 50 mV; T=20 °C.
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(Fig. 7B). An explanation for this could be that the reaction of MTS-
EH at these sites alters channel structure that favored more stable
interaction between monomers or rise hydrophobicity of the
channel-forming segment resulting in a higher channel-forming
activity. Another important information, which we observed with
the mutant T175C, was the already mentioned shift from anion to
cation selectivity after addition of the negatively charged MTS-ES to
the mutants. These results, as a whole, supported the proposed
model of forming a transmembrane barrel-staved cylinder made out
of seven β-hairpins.
3.9. Lys162 and Pro166 are part of the loop connecting the pore-forming
β-strands
Previous works showed that in aerolysin and PA, the two
membrane-spanning β-strands are linked to each other by a con-
tinuous stretch of heterogeneous length. Experiments with MTS
reagents suggest that this segment is not part of the transmembrane
channel, but rather forms the loop between the two β-strands.
Thereby, cysteines introduced in the loop had no inﬂuence on mem-
brane conductance even after labeling them with MTS reagents
[30,34,42]. Therefore, we developed a new approach to identify thisstructure with the help of anti-His6-tag antibodies. For this task we
generated two histidine mutants, K162H and P166H. Both mutations
should be located according to our model within the hairpin loop (see
Fig. 1). After heptamerization and membrane insertion, the seven
P166H and the seven K162H residues within the loops may act like a
His-tag and should form an efﬁcient target for the binding of anti-
His6-tag antibodies applied to the trans-side of the membranes. After
the membrane conductance caused by K162H or P166H reached a
plateau, the anti-His6-tag antibodies were added in a ﬁnal volume of
9 μl of anti-His6-tag antibodies (total protein [biuret]: 20–40 μg/μl) to
the trans-side of the lipid bilayer membrane. This resulted in decrease
in membrane conductance similar to that observed with the labeling
of cysteine mutants with MTS reagents. Fig. 8 shows two experiments
of this type. The conductance mediated by the ETX mutants K162H
and P166H decreased after the addition of the anti-His6-tag antibodies
in a dose-dependent fashion. It is noteworthy that no effect was
observed when the anti-His6-tag antibodies were added to the cis
side. Channel properties of mutant K162E, such as altered channel
selectivity and channel-forming activity without changing single-
channel conductance (as described above), also indicated that this
residue is located in the hairpin loop.
4. Discussion
ETX is one of the most potent bacterial toxins. Regarding its lethal
activity in mice, ETX ranges just below botulinum and tetanus neu-
rotoxins [43]. ETX induces a rapid cell death, but its activity is
restricted to only few cell lines such as MDCK, mouse kidney cells
(mpkCCDcl4) or human renal leiomyoblastoma G-402 cells, which
have a speciﬁc receptor for ETX [1,14]. Binding to a speciﬁc receptor,
heptamerization, and pore formation in cell membranes are the
critical steps in the cell intoxication process [3,12-14,44]. Analysis of
the crystal structure of water-soluble ETX reveals that ETX shares
structural similarities with the pore-forming toxin aerolysin [19].
However, ETX is 100-fold more potent than aerolysin in mouse lethal
activity [10]. Unlike aerolysin and the related C. septicum alpha-toxin,
which recognize GPI-anchored proteins as receptor [45,46], ETX
interacts with a membrane protein distinct from GPI-anchored pro-
teins [14]. This is in agreement with the ﬁnding that domain II of
aerolysin that is involved in the interaction with GPI anchors widely
differs from that of ETX [19,47]. However, domain II of ETX is
structurally similar to domain III of aerolysin, which is involved in
membrane insertion and pore formation [19]. To deﬁne the pore-
forming domain of ETX, we have generated ETX point mutants in the
putative transmembrane domain and analyzed their channel proper-
ties in vivo and in vitro.
Sequence alignment and hydrophobicity analysis suggested that a
segment (His151 to Ala181 of the unprocessed ETX) could form two
amphipathic β-strands, which contain alternate hydrophobic–hydro-
philic residues characteristic for membrane-spanning β-hairpins [30].
Interestingly, the predicted pore-forming domain of ETX showed
higher sequence similarity to those of the binding components of
clostridial binary toxins, Ib and C2II, and to some smaller extent to
B. anthracis PA, than to that of aerolysin (Fig. 1A). Binding components
have a similar structural organization as that of β-PFTs and notably
contain an amphipathic ﬂexible loop that forms a β-hairpin, playing a
central role in pore formation [21,33]. This suggests that binding
components and β-PFTs have evolved from a common ancestor.
However, β-PFTs have acquired a speciﬁc function consisting in the
translocation of the corresponding enzymatic components of binary
toxins through the endosomal membrane at acidic pH. In contrast, β-
PFTs such as ETX and aerolysin can form pores in plasma membranes
at neutral pH, which are responsible for cytotoxicity.
Replacement of residues Ser156 and Thr175, which are located in
the central part of each β-strand forming the β-hairpin, by cysteine
did not change neither ETX cytotoxicity nor channel conductance in
Fig. 8. Current response upon addition of in total 9 μl (A) and 4 μl (B) of anti-His6 tag antibodies (total protein [biuret]: 20–40 μg/μl) to the trans-side of a
diphytanoylphosphatidylcholine/n-decane membrane. The aqueous phase contained 0.4 nM of mutant Lys162His (A) and 0.6 nM of mutant Pro166His (B) together with 0.1 M
KCl, pH 6. The temperature was 20 °C; Vm=50 mV.
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to serine and threonine. However, addition of MTS-ET resulted in
conductance decrease of about 20%, indicating that these residues are
located in the hydrophilic face of the channel lumen. This clearly
indicated that they were accessible to MTS. Addition of the negatively
charged MTS-ES to T175C mutant changed the ion selectivity from
anion to cation selectivity, whereas the neutral MTS-EH increased the
channel conductivity without signiﬁcantly changing ion selectivity.
The neutral reagent linked to S156C probably increased the
hydrophobicity of the ETX transmembrane segment facing lipid
molecules, thus resulting in an increased channel activity (Fig. 7B). In
addition, the mutant S156E induced a four-fold decrease in cytotoxi-
city as well as a signiﬁcant retardation of alteration of MDCK
monolayer permeability. This mutant (S156E), which introduced a
negatively charged residue in the putative transmembrane domain,
changed the ion selectivity from anion to cation and had a smaller
single-channel conductance. These results further supported the view
that Ser156 and Thr175 are located in critical positions of the ETX
pore-forming segment thus controlling the channel activity. Ser156,
located in the middle of the transmembrane domain, seems to control
the pore size, since the mutant S156E resulted in some decrease of
channel conductance.
Cytotoxicity of ETX was slightly reduced through the insertion
of an acidic residue (glutamic acid) in the central position of the
β-strands forming the β-hairpin, thus resulting in a change of
selectivity from anion to cation. The position of the introduced
residue seems to be of interest, since the charge exchange at posi-
tion 156 (S156E) reduced the cytotoxicity, whereas charge exchange
at position 162 (K162E) did not modify ETX cytotoxicity despite a
change of ion selectivity and a small decrease of channel conduc-
tance. In addition, ion selectivity exchange in these mutants indi-
cated that inﬂux of positively charged ions like Ca2+ is not
signiﬁcantly involved in ETX-dependent cell death. Indeed, the
inﬂux of positively charged ions should be higher in neutral or
slightly cation selective channels, thus increasing cytotoxicity. These
data are in agreement with the results of Chassin et al. [14] who
could show that a reduced inﬂux of Na+ and Ca2+ did not impair
ATP depletion and cell death caused by ETX.The segment Lys162 to Glu169 (Fig. 1) is predicted to be exposed
to the transmembrane side of the channel. It should form the loop
between the two β-strands in an ETX monomer. The sequence of
this segment is unrelated to those of other β-PFTs, which are
generally highly variable. However, the loop in ETX is ﬂanked by
two charged residues, Lys162 and Glu169, and contains a proline in
the central part, similar to the sequence of the corresponding
aerolysin loop (Fig. 1). Replacement of K162 and Pro166 by
histidines resulted in ETX mutants, which could partially be blocked
by adding anti-His6-tag antibodies to the trans-side of the lipid
bilayer. This is in agreement with the model in which Pro166,
located on the tip of the β-hairpin, forms a cluster of seven prolines
in close contact to one another. When the prolines were mutage-
nized to histidines, anti-His6-tag antibodies could bind to them after
heptamerization and channel formation. Similarly, Lys162, which is
also located within the loop, is also able to form a similar epitope-
like structure upon heptamerization. This means that anti-His6-tag
antibodies were also able to bind to this epitope and reduced the
conductance of the mutant K162 H.
The mutant K162E had no inﬂuence on the single-channel
conductance, but changed the ion selectivity from anion to cation by
introducing a negatively charged residue at position 162 instead of a
positively charged one. The exchange of Lys162 (the positively
charged Lys162 may counterbalance the negatively charged Glu169)
and Pro166 with the polar amino acids glutamic acid and histidine
reduced the channel-forming activity of the mutated protein, which
indicated that a non-polar loop is important for the penetration of the
bilayers membrane. This indicated that Lys162 is part of the loop,
which links the two β-strands forming the transmembrane β-hairpin
of the channel together.
These results supported the idea that the ETX domain, His151 to
Ala181, predicted to form an amphipatic β-hairpin, is the functional
channel-forming domain. It is organized like in other β-PFTs by two
antiparallel β-strands with alternate hydrophilic–hydrophobic resi-
dues and an intermediate loop of eight residues. Among the ETX
mutants generated in the channel-forming domain, only S156E and
S156C induced a slight decrease in cytotoxicity and alteration of cell
monolayer permeability. Mutations on Ser156 induced high varia-
2593O. Knapp et al. / Biochimica et Biophysica Acta 1788 (2009) 2584–2593tions in conductance, indicating that this residue is important to
determine the pore size. Thereby, the pore size and conductance
activity seems to be critical for ETX cytotoxicity. Interestingly,
mutants changing ion selectivity did not signiﬁcantly impair ETX
cytotoxicity. Thus, ETX likely uses a highly permeable general diffu-
sion pore to induce cell death.
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